Our understanding of meiosis is sturdily rooted in the well-established relationship between chromosome mechanics and genetic transmission. Yet, despite the firmness of that understanding, very little is known about the molecular mechanisms underlying the meiotic process. Such disparity is an outcome of the uneven growth in knowledge between the cytogenetics (including ultrastructure) of meiocytes and their physiology. On a priori grounds it would seem that anyone searching for an ideal experimental system to probe mechanisms of chromosome behaviour would at once turn to meiosis. The well-defined structural changes that chromosomes undergo during the process, the excellent correlation between those changes and genetic transmission, and the relatively long time interval during which the changes occur are all highly inviting targets for study. Yet even a brief survey of the field is sufficient to reveal that relatively little progress has been made in molecular studies of meiosis over the past 20 years. The intense and highly fruitful penetrations of molecular biology into a broad variety of cellular phenomena have not yet occurred in studies of meiosis. The theoretical attractiveness of the system, reinforced by the many well-characterized meiotic mutants, is not matched by a corresponding experimental attractiveness for molecular study. Available materials for molecular studies of meiosis have not been inviting, and it is this feature that has discouraged investigations. The situation will undoubtedly change because the rapid advances in experimental techniques will render the phenomenon wide open to molecular analysis.
A B A C K G R O U N D TO C U R R E N T S T U D IE S O F M E IO S IS
A relatively brief but pithy chapter on meiosis written by Rhoades (1961) clearly delineated the cytological features of meiosis while also defining certain fundamental issues concerning the mechanism of synapsis and its relationship to recombination. No substantive changes have since been made in the cytological description of meiosis and, at best, no more than a partial answer has been provided concerning the process of recombination. The biggest and most fruitful contribution made during the past 20 years to our understanding of meiosis has been through use of the electron microscope. That understanding has been enriched by the identification of a variety of meiotic mutants (Baker et al. 1976 ) and by the application of radioautography and related techniques to the intracellular localization of different meiotic components 30 H. Stem (Zickler, 1984) . The centrepiece of the electron microscope contribution is the discovery and description of the synaptonemal complex (SC). The early studies of Moses (Moses, Dresser & Poorman, 1984) laid the groundwork for subsequent investigations. The intensive studies of von Wettstein and colleagues (von Wettstein, provided a detailed account of SC structure while the distinctive studies of Carpenter (1984) brought major attention to a small but critical SC-associated structure, the recombination nodule . The significant outcome of these contributions has been the recognition that chromosome synapsis involves the formation of an elaborate intranuclear structure, one that is conserved in its organization across the phylogenetic spectrum.
To assess the contributions made in recent years to all aspects of meiosis is well beyond the reach of the writer and the scope of this volume. I cannot usefully dwell on the micromanipulation studies by Nicklas and co-workers (Nicklas, 1977) concerning the mechanics of chromosome disjunction in meiocytes; they have provided important insights into the interactions between bivalents and spindle body. It would also be over-reaching to consider the many meiotic mutants described and to relate them to the mechanics of meiosis. I would rather raise the same broad questions discussed by Rhoades (1961) , and consider how current studies relate to them. Because my orientation is towards the biochemical or molecular aspects of the process, most of the studies to be considered will be based on meiosis in Lilium. These can probably be extrapolated to other organisms but adequate evidence for such extrapolation is lacking.
In considering meiosis as a distinctive cellular event, three broad questions can be raised about its nature. The first of these concerns the intracellular factors that alter chromosome behaviour upon entry of a cell into meiosis. On entering premeiotic interphase, a meiocyte is the product of a clone of cells that have proliferated by mitosis. It is important to identify the mechanism that alters the behaviour of the chromosomes from a mitotic to a meiotic pattern. That mechanism is of particular interest because irreversible commitment to meiosis does not occur until close to the termination of 5-phase (Ninneman & Epel, 1973) . It is also of interest because the alteration is from a pattern of chromosome behaviour that has occurred repeatedly over many cell generations to a pattern that will occur but once.
The second question concerns the mechanism whereby homologous chromosomes are aligned for synapsis. That question cannot be answered in simplistic molecular terms, because the synapsis of chromosomes is not a large-scale synapsis of complementary DNA strands. In most, if not all, eukaryotes a very small fraction of chromosomal DNA is directly involved in synapsis, a situation very different from the pairing of polytene chromosomes in the salivary glands of Drosophila. In considering the mechanism of meiotic chromosome pairing, the role of synapsis in meiosis needs also to be considered. Synapsis is generally viewed as a juxtapositioning of chromosomes to facilitate crossing-over. There is, however, clear evidence that synapsis regulates certain metabolic activities during meiotic prophase. The possibility that synapsis is primarily addressed to the needs of a reductional division rather than crossing-over has also been proposed (Grell, 1973) . These 31 different, but not mutually exclusive, roles of synapsis in meiosis determine the context within which the mechanism of homologous alignment should be considered.
The third question that needs to be addressed is the mechanism whereby regularity in meiotic recombination is assured. Exceptions aside, each chromosome pair has at least one chiasma, thus assuring normal reductional disjunction. If crossovers were abundant in each meiotic division, such regularity would be easily explained. However, crossovers are anything but abundant, the frequency per nucleotide being very low in large genomes. The mechanism whereby a meiocyte achieves the regular occurrence of a rare event is a problem that is at least as challenging as the molecular mechanism of recombination itself. Each of these broad questions was posed by Rhoades (1961) ; the differences are in the phrasing. That some of these questions can now claim a partial answer attests to the fact that some progress has been made during the past 25 years in elucidating the phenomenon of meiosis.
I do not intend to answer each of the questions separately or in the order posed. Indeed, I prefer to deal with the phenomenology of the process and, in doing so, to relate the events of meiotic prophase that have been characterized in biochemical (or molecular) terms to the three questions just raised. I do so because there is little general awareness of the molecular events that are already known to occur during meiosis. Familiarization should provide a needed perspective for assessing the unavoidably speculative answers to the target questions.
The first creative theory providing for a mechanism of meiotic development was proposed by C. D. Darlington (1937) . It was called the 'Precocity theory' because it maintained that chromosomes enter prophase precociously and pair before undergoing replication. The theory held that chromosome compaction in the absence of prior replication exposed chromosome pairing surfaces. Because pairing preceded replication, crossing-over could occur simultaneously with replication; such a model was favoured by many. When the radioautographic evidence disclosed that DNA replication preceded meiotic prophase just as it did mitotic prophase (Taylor & McMaster, 1954 ) the theory had to be abandoned, although the absence of convincing evidence for any DNA synthesis during meiotic prophase made it difficult to associate chromosome synapsis with crossing-over. About 20 years ago, a major issue in meiosis was the apparent absence of DNA synthesis beyond the premeiotic 5-phase.
This brief historical account provides an appropriate setting for evaluating current information on DNA synthesis in meiocytes. Darlington was correct in his intuition even if he was incorrect in his doctrine. The meiotic process, unlike the mitotic cycle, is characterized by three distinct intervals of DNA synthesis, and probably a fourth that remains difficult to establish (Hotta & Stern, 1971 . As was made evident by autoradiography, replication of the nuclear genome occurs before the occurrence of meiotic prophase. In this respect, mitosis and meiosis are identical except for a H. Stem small but significant difference. In the case of meiocytes, replication of the genome is incomplete at the end of the premeiotic 5-phase. A small proportion of the genome, previously estimated as being 0*3 % but recently revised to a value lying between 0-1 and 0-2% (Hotta, Tabata, Stubbs & Stern, 1985a) , is not replicated during the premeiotic interval, its replication being delayed until zygotene, in coordination with chromosome synapsis. The apparent singleness of chromosome threads during the initial stages of meiotic prophase that led Darlington to infer an absence of replication may be accounted for by an incompleteness of replication, which leaves sister chromatids tightly apposed. Synthesis of DNA during zygotene has been dem onstrated not only by biochemical techniques in lily meiocytes but also by radioautography in both lily microsporocytes (Kurata & Ito, 1978) and mouse spermatocytes (Moses et al. 1984) . That synthesis, like the premeiotic DNA synthesis, is semiconservative.
I will return later to the functional role of delayed 'zygDNA' replication. Before doing so, a brief account of the nature of this DNA is appropriate. Unlike the highly repeated DNA sequences in heterochromatin that are replicated late, zygDNA consists mainly of unique or low copy number sequences. Although their precise distribution is unknown, segments of zygDNA, generally ranging from 5xl03 to 10xl03 bases in length, are distributed among all the chromosomes and are not localized within any particular chromosomal region (Hotta et al. 1985a ). The unusual behaviour of the zygDNA segments is further displayed by their incomplete replication even at the termination of zygotene (Hotta & Stern, 1976) . The ends of the newly replicated zygDNA strands are not ligated to the rest of the genome; instead, short gaps remain at the ends of the segments and possibly some interstitial ones. Replication at these sites does not occur until diplotene or later. Undoubtedly, such a pattern of staged replication is unique to meiosis. Presumptive meiocytes that are stimulated to revert to mitosis replicate their zygDNA before entering mitotic prophase. It is inviting to speculate that zygDNA plays a structural role in chromosome behaviour.
The sweep of DNA events that mark meiosis is further punctuated by the occurrence of DNA replication during pachytene. The exit of cells from zygotene and their entry into pachytene is characterized by a striking switch in the pattern of DNA replication. The precise timing of the switch is uncertain, but by early pachytene it is evident that the DNA replication is not semiconservative, nor does it involve the zygDNA sequences. The extended pachytene interval is characterized by repair replication that continues through midpachytene. By the end of pachytene, repair synthesis is no longer detectable (Hotta & Stern, 1971) . That such repair is a distinct part of the meiotic program is made evident by the fact that it is initiated by the action of a meiosis-specific endonuclease (Howell & Stern, 1971 ) and a still unidentified exonuclease that extends the nicks introduced by the endonuclease into short single-stranded gaps. The gaps occur in specific regions of the genome and are all repaired before the termination of pachytene. The point I emphasize here is that the concerns of 20 years ago regarding the apparent absence of DNA synthesis during the prophase interval when crossing-over is presumed to occur have now been replaced by a very different set of concerns. A highly organized pattern of DNA replication occurs after the 5-phase and during meiotic prophase. That pattern involves two specific sets of DNA sequences, one being the seat of semiconservative replication and the other the seat of repair replication. Our present set of concerns is to assign these processes specific meiotic functions.
R E C O M B IN O G E N IC P R O T E IN S : P A T T E R N O F M E IO T IC B E H A V IO U R
Debates about the timing of meiotic recombination pale before the evidence now accumulated on the behaviour of recombination-related proteins in meiocytes. A most obvious feature of that behaviour is the transient but strong appearance of a number of major proteins during the zygotene-pachytene stages of meiosis and their absence or near-absence during the premeiotic 5-phase and the post-pachytene stages (Hotta et al. 19856) . Put briefly, the entry of meiocytes into zygotene and then pachytene is accompanied by the formation of a group of proteins that act directly on DNA with properties that are relevant to recombination. The conclusion is inescapable that meiocytes are programmed to metabolize DNA during meiotic prophase. Whether all metabolism so programmed is directed at recombination cannot yet be ascertained but it is clearly evident that these metabolic activities are a primary feature of zygotene-pachytene and not of the premeiotic 5-phase.
From the standpoint of meiotic function the various recombination-related proteins that are prominent at prophase fall into two classes with respect to their activities during meiosis. One class has just been described; it consists of proteins that are prominent only during the prophase stages. Most of these proteins have not been found in somatic tissues; where their counterparts have been identified in somatic cells, they differ in a number of properties. In general, proteins exclusive to meiotic prophase are meiosis-specific. The second class of recombination-related proteins are not at all exclusive to meiotic prophase. They are similar, if not identical, to their somatic equivalents. They are not necessarily recombination-related; they can and may function in replication. Among the proteins identified are DNA ligase, polynucleotide kinase, DNA polymerase and topoisomerases I and II (Stern & Hotta, 1983) . The significant point is that the relatively few meiosis-specific proteins identified to date function in association with numerous broadly distributed DNAmetabolizing proteins. Whether the meiosis-specific proteins are even partly responsible for the unique features of meiotic recombination is a consideration beyond the reach of present information.
The behaviour of meiosis-specific proteins that are recombination-related is such as to settle the question of when recombination occurs in meiocytes. Their respective roles in recombination may be inferred, at least partly, from a brief description of their respective properties. The first enzyme identified was a meiotic endonuclease that introduces the DNA nicks at pachytene as discussed above. The high activity of this protein during early and mid-pachytene points to the probable importance of single-stranded interruptions as potential sites for initiating crossovers. The absence of nicking in the absence of homologous pairing reveals an important regulatory 34 H. Stem feature of meiosis. Homologous synapsis regulates several of the metabolic activities that are specific to meiotic prophase (Hotta, Bennett, Toledo & Stern, 1979) . Although direct evidence for a role of nicking in recombination is lacking, it is difficult to avoid the conclusion that the programmed introduction of nicks at pachytene and its dependence on homologous pairing are an essential step in at least one of the several meiotic recombination mechanisms.
Two of the other meiosis-specific proteins act on the secondary structure of DNA. One of these, the 'U-protein', unwinds DNA in the presence of ATP so as to yield single-stranded tails at nicked sites (Hotta & Stern, 1978) . Such tails could function either in aligning chromosomes for synapsis or in the formation of heteroduplexes for recombination. The other protein, the 'R-protein' has the property of catalysing the formation of duplex DNA from complementary single strands (Hotta & Stern, 1979) . The combination of endonuclease, U-protein and R-protein would, at least in theory, be sufficient to mediate the formation of heteroduplex regions for recombination. Evidence from recent studies, however, removes the need to speculate on the actual role of this group of proteins in mediating the recombination process. The evidence concerns recA-like proteins and still unfractionated extracts that effect genetic recombination in vitro (Hotta et al. 19856) .
The critical role of the Escherichia coli recA protein in general recombination is well-established. Similar proteins have been found in other bacteria and also in the eukaryote, Ustilago farfara. Recently, the presence of a recA-like protein has been demonstrated in tissues of mouse and lily. In both species, rec proteins have been identified in meiocytes and in somatic tissues. The proteins differ in a number of respects; those derived from somatic cells are referred to as 's-rec' and those from meiocytes as 'm-rec' proteins. In both mouse and lily, s-rec proteins have molecular weights in the neighbourhood of 70 X103 whereas the m-rec proteins are in the range of 45 X103. Tissues of the mouse lend themselves to an instructive comparison with respect to the activities of the two protein types at different temperatures. Mouse spermatocytes normally undergo meiosis at about 33 °C, in contrast with the other tissues that function at 37°C. In all tests performed, the m-rec protein functioned optimally at 33 °C whereas the s-rec protein functioned more effectively at 37°C. When m-rec protein was tested at 37 °C its activity was very much lower than at 33 °C. Parallel behaviour was observed in comparing the two rec proteins of lily. The activity of m-rec protein was highest at 23-25 °C whereas the s-rec protein could function effectively at temperatures as high as 30 °C. Pollen formation is known to be defective in lilies maintained at temperatures above 25 °C. It is apparent that the m-rec proteins are designed to function at temperatures different from those that are optimal for the s-rec proteins. In addition to these physiological differences, which point to the uniqueness of m-rec protein to meiotic cells, the behaviour of m-rec protein during meiosis demonstrates its importance to the process. There is virtually no m-rec or s-rec protein in microsporocytes during the premeiotic 5-phase. The m-rec protein begins to rise during late leptotene and early zygotene, reaching its highest level in early pachytene and declining to its original base level after termination of pachytene. The point to be emphasized is that the m-rec protein, which can be designated as a direct agent of recombination, is a virtually exclusive property of the zygotene-pachytene stages.
Even more impressive in terms of timing recombination activity in meiosis is the behaviour of extracts that are capable of effecting recombination between mutant plasmids, each mutant being defective in a different region of the tetracycline resistance gene. Recombination between the two mutants confers tetracycline resist ance in bacteria transformed by the recombinant plasmid. The assay is unambiguous and is highly relevant about the timing of recombination in yeast, mouse and lily. In the case of yeast (Saccharomyces cerevisiae), the recombination activity in extracts of cells induced to undergo meiosis increases 100-fold. In mouse spermatocytes the increase on entry into meiosis is about 500-fold. In lily microsporocytes, the increase is 700-fold but, in this case, it can be shown that the peak of activity occurs at late zygotene-early pachytene. The broad spectrum of recombination-related proteins described above coupled with the recombination activity of cell extracts provide an overwhelming argument for the occurrence of the ultimate molecular steps of re combination during the zygotene-pachytene of meiosis. The evidence thus provided neatly affirms the conclusion of most cytogeneticists that meiotic recombination follows chromosome synapsis. More complex and less tractable issues must now be addressed.
R E G U L A T IO N O F M E IO T IC E V E N T S
In an important sense the uniqueness of meiosis is derived not so much from the novelty of its special components as from the distinctiveness of its regulation. Synapsis occurs in somatic cells of the Diptera; recombination is a property of somatic cells in general and of certain cells, like those of the immunogenic system, in particular. Chromosome separation occurs by essentially the same mechanism in mitotic and meiotic cells. From a regulatory standpoint, however, the differences between these two activities are very apparent. Meiotic pairing, unlike somatic pairing, is transient and secured by a proteinaceous structure. Recombination in meiotic cells is not randomized as in mitotic ones and, in meiosis, it occurs with matchless regularity. Reductional separation of chromosomes is an essential feature of meiosis and an unacceptable one for mitosis. The principal issue in my mind is how the different components of the meiotic process are regulated in their behaviour; the individual components of meiosis and mitosis, the SC excepted, do not by themselves provide an explanation. What I would like to do is to link the different meiotic components discussed above to schemes of regulation. The linkage is bound to be in error but it is also bound to point to some new directions.
Initiation of meiosis
The conditions under which meiosis is initiated are exceedingly diverse. In animals, the germline is set aside very early in development and is the only source of meiocytes in the organism. In mammals, female meiosis is initiated in the foetus following a characteristic level of oogonial proliferation. In the males, meiosis is 36 H. Stem regularly and repeatedly induced following continuous cycles of spermatogonial proliferation. Even so, ectopically located germ cells in the region of the adrenal gland in a male foetus initiate meiosis on the female schedule (Zamboni & Upadhyay, 1983) . In higher plants, apical meristems are the source of all cell types, germ cells included. In many fungi meiosis is induced under adverse conditions, nitrogen starvation in S. cerevisiae, for example. In the fungus, Neottiella rutilans, the zygotic cell enters the prophase of meiosis immediately following a fusion of gametes that have already separately completed their premeiotic DNA replication (Rossen & Westergaard, 1966) . There is no single extracellular stimulus that is a universal inducer of meiosis, but it is reasonable to suppose that the respective actions of different stimuli converge at the intracellular level to initiate the complex development resulting in meiosis. In so stating the issue, I am not taking into account the developmental state of the cells thus stimulated; that state may well determine the effectiveness of the meiotic inducer.
Microsporocytes of Lilium, as discussed earlier, become irreversibly committed to meiosis near the end of the premeiotic 5-phase. At this time, the zygDNA segments are unreplicated and it is in relation to their replicative behaviour that a regulatory scheme can be imagined. The failure to replicate during the premeiotic 5-phase is due to the suppressive action of a recently described L-protein or leptotene protein (Hotta, Tabata & Stern, 1984) . The protein, apart from its being meiosis-specific, has at least three distinctive features that make it a likely factor in the regulation of meiotic induction. It selectively inhibits the replication of zygDNA, although its ability to do so in mitotic 5-phases has not been demonstrated. zygDNA in duplex form has a specific binding affinity for L-protein, an affinity that is due to a subset of zygDNA sequences that are probably no more than 90 bp in length and that are believed to be present in each of the zygDNA segments. If ATP is added to the L-protein:zygDNA complex, the L-protein introduces a single nick in one strand only, presumably in the vicinity of the binding region. When the experiment is performed with a plasmid bearing a zygDNA insert and the plasmid is then denatured, the result is one circular single strand and one linear strand, both of similar length. This does not occur if the zygDNA segment lacks the binding region, nor has it been observed to occur with any other form of DNA. If the timing of L-protein formation and disappearance is taken into account, the different properties of the L-protein can be fitted into a regulatory scheme. L-protein becomes detectable in meiocytes at the time that cells become irreversibly committed to meiosis, which is also close to the end of the premeiotic ¿'-phase. Because L-protein formation appears to occur near the end of 5-phase, it may be inferred that during premeiotic 5-phase zygDNA replication is either not initiated or is repressed by a factor other than L-protein. An attractive speculation is that zygDNA is regularly replicated at the end of 5-phase in mitotic systems, the late replication being required by the special role of zygDNA in chromosome behaviour as would be the case if it were part of the axial element of chromosomes. In so functioning, zygDNA could signal the completion of sister chromatid formation and initiate entry into the Gz phase of the mitotic cell cycle. If unreplicated zygDNA segments are a precondition for synapsis, the suppressive action of the L-protein makes possible the formation of those components essential to stabilized synapsis before zygDNA replication is initiated. If this is so, the induction of L-protein synthesis must be accompanied by an induction of other essential meiotic components. L-protein formation thus marks a critical point in meiotic induction, one for which much necessary information is lacking. Perturbation of cells during the interval between S-phase and zygotene has been found by some to affect chiasma formation, a finding that is consistent with the scheme just described (Church & Wimber, 1971) . Presumably, the irreversibility of meiotic commitment at the time of L-protein appearance is due to the irreversibility of its suppressive effect until zygotene is reached.
Regulation of synapsis
The tentative nature of meiotic synapsis has become fully evident in the past few years. The occurrence of non-homologous pairing in meiocytes with apparently normal SCs was demonstrated in the sixties. It is now apparent that synapsis has dynamic properties even under conditions of genetic homology. In a number of situations it has been found that, following recombination, requirements for homologous synapsis may be relaxed, leading to 'synaptic adjustment' (Moses et al. 1984 ). In such cases, for example, the strains of inversion loops that do not house a chiasma are altered to a linear arrangement resulting in non-homologous pairing. Homoeologous pairing has also been shown to precede homologous pairing in hexaploid wheat, a process that is designed to accommodate the homoeologies between the three chromosome sets (von Wettstein et al. 1984) . It may be concluded that homologous alignment of chromosomes is a process that is separate from synapsis. The components of the synaptonemal complex appear to be indifferent to homology but capable of securing chromosome pairs. Homologous synapsis prob ably occurs because of the temporal coordination between homologous alignment and SC formation.
zygDNA segments may be viewed as serving the process of homologous alignment. The nicking action of the L-protein may be a mechanism whereby the resultant single-stranded DNA tails lead to the formation of duplexes from complementary strands furnished by pairs of homologous chromosomes. In this way transient alignment is achieved. It may be significant that the R-protein, which catalyses duplex formation, is located in the nuclear membrane, as is the L-protein, and that the level of R-protein is depressed in the absence of homologous pairing. Regions of nuclear lipoprotein may provide advantageous sites for collisions between complementary DNA strands. With the onset of zygDNA replication, the alignment capacity of the DNA is lost; the association must then be secured by the SC. In this speculation the components of the SC that interact with the chromosomes to maintain synapsis are not the components that effect alignment. It may well be, however, that zygDNA segments furnish sites of attachment for proteins of the SC regardless of DNA homology.
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The process by which homologous synapsis is secured is probably more complex than the scheme proposed indicates. Not only is zygDNA nicked by L-protein but at least 1-2 % of the zygDNA sequences undergo transcription in coordination with the pairing process (Hotta et al. 1985a ). The zygRNA thus formed is short-lived. The surge of poly(A)+ zygRNA in lily begins in late leptotene and reaches its peak in early zygotene, at which time it constitutes 40% of poly(A)+ RNA in the meiocytes. Its span of formation and disappearance is the narrowest thus far found in meiosis. Its level is tied to homologous pairing. It is very low in an achiasmatic hybrid. The fact that in mouse about 5 % of the poly(A)+ RNA from prophase spermatocytes, but not from the germ cells at other stages, hybridize to lily zygDNA makes it probable that the transcription of zygDNA is a common feature of the meiotic pairing process. We have no information on whether the transcripts are translated but it is obviously an essential piece of information. It is indeed difficult to escape the conclusion that zygDNA segments have a critical and special role in chromosome function. The delayed replication followed by delayed ligation, the site-specific nicking, the brief meiosis-specific transcription, and its apparent localization in the region of the synaptonemal complex point to a unique chromosomal component with a unique function. That function appears to be both structural and at least partly informational.
Regulation of recombination
It is generally recognized that the genetically determined distance between genes and the physical distance between them do not necessarily correspond. Heterochromatin in Drosophila has been found to have no genetic distance, a reflection of the fact that crossing-over is virtually absent in heterochromatic stretches even though these may occupy a considerable length of the chromosome. Numerous cytological studies point to the non-random distribution of chiasmata (Jones, 1984) . The case for selectivity in meiotic crossing-over is strong. The selectivity applies not only to the limitation in sites at which crossing-over may occur, but it also applies to the restriction in the number of chiasmata that may form in any one chromosome arm, the so-called 'positive interference'. Selectivity and regularity are the principal features in regulation of meiotic recombination. The selectivity must have a molecular basis and the regularity must be achieved by metabolic design.
A sweeping statement can be made about the metabolic design of meiosis that accounts for the regularity, but not for the selectivity, of recombination. The components required for effecting recombination are present in overwhelming abundance. The huge excess in germ cell and gamete production over the number required for fertilization provides an attractive analogy with the situation underlying recombination at meiotic prophase. The number of nicks introduced at pachytene is about 10000 times that required to initiate the actual number of crossovers. Although quantification is difficult, it is almost certain that the concentration of recombinogenic proteins is far in excess of what is required for the process. It is only the component or complex of components that governs the ultimate site of recombination that is limiting, but its effective action is virtually ensured by the abundance of all the other essential components. Given the likelihood that the recombination nodule is the limiting factor, its molecular nature is a choice target for future research.
The selectivity of recombination is, at least in its initial stages, regulated by the sites in which nicking is localized. These are the P-DNA regions and their subsets of PsnDNA regions. If the latter have functions other than serving as sites for pachytene nicking and gap formation, the functions remain undisclosed. The very high degree of sequence conservation of PsnDNA within the Lilium genome (Bouchard & Stern, 1980) and the presence of similar sequences in the diverse plant species tested (Friedman, Bouchard & Stern, 1982) make it highly probable that the primary, if not the sole, role of the P-DNA segments is to limit the sites at which meiotic recombination may be initiated. An immediate problem is to determine the location of P-DNA sites with respect to transcribed regions, and a more challenging problem is to determine what events, if any, occur in an actual crossover. It is of interest that in their radioautographic studies of mouse spermatocytes Moses and collaborators found about 60% of the pachytene DNA label to be present in the region of the synaptonemal complex (Moses et al. 1984) . This observation makes it probable that the pattern of pachytene chromosome compaction is such as to locate P-DNA segments close to the SC. Such an arrangement raises the question of the structural relationship between the P-DNA and the zygDNA segments. Preliminary evidence from analyses of lily microsporocytes indicates that the two groups of sequences are not randomly distributed with respect to one another and that they are more closely positioned than randomness would allow. If so, it would have to be concluded that among the various features of intrachromosomal DNA sequence organization, one is specifically addressed to chromosome pairing and crossing-over.
The selectivity in sites of pachytene nicking cannot be simply explained by the moderately repeated character of PsnDNA sequences. Obviously, a mechanism must be present that localizes nicking activity in those sequences. The only established characteristics of specificity in meiotic endonuclease behaviour are its exclusive action on duplex DNA and its introduction of nicks that have 3' phosphoryl and 5' OH termini (Howell & Stern, 1971) . To date there is no evidence for sequence preference by the enzyme. On the other hand, the evidence is unambiguous in favour of chromatin structure determining site-specificity in pachytene nicking (Hotta & Stern, 1981) . PsnDNA regions are housed in a distinctive chromatin structure. Most, if not all, of the histones are replaced by a non-basic protein conveniently referred to as 'Psn-protein'. That protein renders the PsnDNA segments accessible to the endonuclease and also to a variety of other enzymes. The protein is deficient in achiasmatic cells and has not been detected at stages other than zygotene-pachytene. It renders all PsnDNA segments accessible to the endonuclease during pachytene. In the meiocytes, the endonuclease is ineffective if administered to isolated nuclei that lack the Psn-protein. It may be inferred that the general organization of chromatin at meiosis is such as to limit endonucleolytic activity to selected regions of the genome.
The mechanism whereby PsnDNA regions alone are simultaneously rendered accessible to the endonuclease is partly understood. Site selectivity is determined by H. Stem a small nuclear RNA termed PsnRNA. This RNA consists of as many families as there are families of PsnDNA. Chromatin segments housing PsnDNA and Psnprotein also house PsnRNA. Moreover, whereas the PsnDNA does not have a selective binding affinity for Psn-protein, PsnRNA does. Isolated pachytene nuclei from achiasmatic cells can be rendered susceptible to endonuclease activity by incubating the nuclei with relatively high concentrations of PsnRNA in the presence of a partially purified preparation of proteins from chiasmatic cells and ATP. A source of energy is essential to the pretreatment. The regulatory model proposed is one in which certain genes serve as sites of transcription of the various families of PsnRNA. Transcription of these genes is initiated at some time during pachytene, probably in coordination with the transcription of the gene or genes for Psn-protein.
There is thus a mechanism for regulating the simultaneous initiation of recom bination activity in diverse but selected regions of the genome at a specific stage of meiosis. The mechanism may serve as another example of maximizing the possibilities for initiating recombination in order to ensure regularity in large genomes where the frequency of recombinants per nucleotide is very low.
A P E R S P E C T IV E
Providing a perspective on the course of future research in the molecular and biochemical mechanisms of meiosis is, at best, a doubtful venture. The data underlying the models and interpretations discussed in this presentation have a very narrow experimental base. That base is vanishingly narrow when compared with the cytogenetic and electron microscopy data on meiosis. The molecular mechanisms for synapsis and recombination that have been encountered in studies of lily and, to a lesser extent, of mouse may be exclusive to large genomes; different mechanisms may prevail in smaller genomes. In both species, too, the data obtained are derived almost entirely from studies of male gametogenesis. These limitations should be borne in mind when considering the significance of the generalized comments made below.
The need for determining the molecular composition of the principal extra chromosomal structures -the SC and the recombination nodule -is too well recognized and too obvious to merit further comment. What is less obvious is what may be considered to be the fundamental issues in explaining the mechanism of meiosis. I believe that the biochemical and/or molecular descriptions outlined above settle a few basic questions even as they introduce many others. The dilemma of DNA synthesis being confined to the premeiotic 5-phase has been disposed of; DNA synthesis is a distinct feature of meiotic prophase. Similarly, the question of whether meiotic recombination can be separated from the process of genome replication is also settled; the overwhelming presence of recombinogenic mechanisms during meiotic prophase along with the occurrence of repair replication puts that issue to rest. I also believe that the search for some general force for homologous chromosome pairing can be replaced by a more sophisticated view of synapsis as a multicomponent process involving the coordination of a number of separate mechanisms.
I believe that there are at least three broad issues towards which future studies should be directed. The first of these is the organization of chromosomal DNA for meiosis. Genic properties aside, I doubt that chromosomes are passive substrates for a highly organized system of disjuction and recombination. Beyond a certain size (lower limit unknown) the DNA of chromosomes requires an internal organization to make possible the structural events that chromosomes undergo in the course of meiosis. Some of the events have their counterparts in the mitotic process. Whether zygDNA and P-DNA segments are elements of that organization in one or both processes is part of the question that needs to be answered.
The second broad issue is a resolution of the events that occur at the termination of the premeiotic 5-phase and direct chromosomes into a pattern of meiotic behaviour. L-protein synthesis must be one of the events coordinated with the formation of the lateral elements along the leptotene chromosomes. I believe that all the critical events during the preleptotene interval must involve accessory components of chromosome structure. It is chromosome behaviour that is at the core of meiotic differentiation. In thus stating the issue it is important to bear in mind that the highly coordinated meiotic processes are not necessarily integrally regulated. An outstanding example of this is the dissociability of the induction of the metabolic system for recombination from the occurrence of homologous synapsis. Pachytene DNA nicking, but not meiotic endonuclease, is suppressed in the absence of homologous pairing. Similarly, recombination but not recombinogenic protein formation is suppressed even in the absence of meiotic induction as occurs in yeast. Dissociable regulation of highly coordinated processes very probably reflects still unrecognized cellular needs. Whether or not this is the case, the need to identify the critical factors that operate at the termination of the premeiotic 5-phase remains.
A third general issue is the tying together of homologous synapsis with the recombinational mechanisms that seemingly saturate meiotic prophase. We know that homologous pairing not only juxtaposes homologues for recombination, but also has pronounced effects on some of the metabolic events concerned with recombination. The low levels of R-protein, PsnRNA, Psn-protein and zygRNA all indicate that there is a device by which the homologously paired chromosomes can signal their state to the metabolic apparatus of the meiocyte. We lack a conceptual approach to the dependence of metabolic activity on chromosome pairing, a relation that probably also holds in the cases of somatic pairing. It is a fundamental relation that begs resolution.
Because meiosis is a highly conserved process, the essential proteins, and also the critical DNA sequences, may be expected to show a high degree of conservation. By itself this situation would have limited significance to future studies. However, the experimental possibilities are enormously enlarged by techniques available for gene selection and cloning, and also for ultrastructural localizations with immunochemical agents. Many meiotic mutants are known and many others can be found. Even if serendipity is discounted, it is very likely that the molecular mechanisms of meiosis H. Stern will lose their obscurity by virtue of the rich technology that has been made available to contemporary cell biology. The biochemical virtues of lily meiosis may well grace the findings in genetically more tractable organisms.
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